An array of three long period gratings (LPGs) fabricated in a single optical fibre and multiplexed in the wavelength domain was used to measure simultaneously temperature, relative humidity (RH) and volatile organic compounds (VOCs). Each LPG sensor was designed to optimize its response to a desired measurand. The LPGs were fabricated with periods such that they operated at or near the phase matching turning point. The sensors were calibrated in the laboratory and the simultaneous measurement of the key indoor air quality parameters was undertaken in laboratory and office environments. It was demonstrated successfully that the data produced by the LPG sensor array under real conditions was in a good agreement with that produced by commercially available sensors. Further, the potential application of fibre optic sensors for VOCs detection at high levels has been demonstrated.
INTRODUCTION
Most people spend around 90% of their time indoors [1] . There is significant scientific evidence that indicates that inappropriate indoor air quality (IAQ) affects negatively human health and thus its monitoring plays a key role in IAQ control [2] . IAQ is influenced by a mixture of physical, chemical and biological factors, each with different sources and associated adverse health effects [2] . Temperature, relative humidity (RH) and volatile organic compounds (VOCs) represent the key factors of interest [2] .
Among the different types of fibre-optic sensors, those based on gratings, specifically long period gratings (LPGs), have been employed extensively for refractive index measurements [3] and for monitoring associated chemical processes [3] , since they offer wavelength-encoded information, which overcomes the referencing issues associated with intensity based approaches. An LPG consists of a periodic perturbation of the refractive index of the fibre core, which couples the core mode to the co-propagating cladding modes of the fibre. This coupling is manifested in the transmission spectrum of the optical fibre as a series of resonance bands. Each resonance band corresponds to coupling to a different cladding mode and thus shows different sensitivity to environmental changes [4] . Fibre-optic sensing platforms based on LPGs with functional *jiri.hromadka@nottingham.ac.uk; phone +44 0115-8467892 coatings have been used to measure various measurands, including RH [5] , ammonia [6] , and VOCs [7] . It has been shown that the phase matching condition for each cladding mode contains a turning point and that the LPG exhibits the highest sensitivity at the phase matching turning point is reached. This can be achieved by choosing an appropriate LPG period and coating thickness [4, 8] . One of the key advantages of fibre optic sensors is the ability to multiplex an array of sensors, sensitive to the same or to different parameters. This can be of significant benefit in real environments, where the influence of interfering factors such as temperature or relative humidity should be reduced. Simultaneous detection of several parameters at the same location using a single optical fibre offers additional information that allows correction for changes of the interfering parameters [4] .
In this work, a sensor array consisting of 3 LPGs with different grating periods written in a single optical fibre was used for simultaneous measurements of temperature, relative humidity and concentration of VOCs. The experimental arrangement is illustrated in Figure 1 . The LPGs have periods selected such that they all operate near the phase matching turning point and that differ by up to 1 μm to facilitate wavelength division multiplexing. The sensor array was tested in real environments to demonstrate the ability to measure key IAQ parameters.
EXPERIMENT
LPGs with grating periods of 110.0, 110.9 and 110.8 μm, all of length 40 mm, were fabricated in boron-germanium codoped optical fibre (Fibercore PS750) with cut-off wavelength 670 nm in a point-by-point fashion, side-illuminating the optical fibre by the output from a frequency-quadrupled Nd:YAG laser, operating at 266 nm [8] . Adjacent LPGs were physically separated by 30 mm. The buffer jacket was intact on the sections of fibre separating the LPGs. The transmission spectrum of the optical fibre was recorded by coupling the output from a tungsten-halogen lamp (Ocean Optics HL-2000) into the fibre, analysing the transmitted light using a fibre coupled CCD spectrometer (Ocean Optics HR4000). The grating period was selected such that the LPG operated at or near the phase matching turning point 14 , which, for coupling to a particular cladding mode (in this case LP 019 ), ensured optimized sensitivity. LPG1, of period 110.9 m, was modified with 5 layers of SiO 2 nanoparticles (NPs) and was used for RH measurements. LPG2, of period 110.0 m was used for temperature measurement and was uncoated. LPG3, of period 110.8 m, was coated with 8 layers of the SiO 2 NPs thin film that was subsequently infused with calixarene (CA) molecules and used for VOCs measurements. Mesoporous thin films of SiO 2 NPs were deposited onto LPG1 and LPG3 using an electrostatic self-assembly approach that has been described elsewhere [6] . A 5 cycle (PAH/SiO 2 ) 5 film was deposited onto LPG1 and 8 cycle (PAH/SiO 2 ) 8 was deposited onto LPG3; PAH is a positively charged polymer The number of layers was chosen carefully such that the device possesses sufficient sensitivity to the measurand and that the resonance bands corresponding to the individual LPGs could be resolved after the deposition of the coatings and, in the case of LPG3, after infusion of the functional material. To sensitise LPG3 to VOCs, the (PAH/SiO 2 ) 8 coated LPG was immersed into an aqueous solution of 1 mM of CA [8] for 2 hours and was subsequently washed and dried. The temperature responses of the LPGs were characterised over a range from 10 o C to 85 o C by placing the LPGs in an environmental chamber equipped with fibre-optic feed-through. Similarly, to test the RH sensitivity, the LPGs were fixed inside a small cell (Petri dish, volume 100 cm 3 ), into which a water droplet was injected. LPGs were maintained straight and taut to avoid bend-induced distortion of the spectrum during the experiments. The increase of the temperature and RH in the cell was monitored using an ibutton® data logger. The transmission spectrum and data logger values were recorded every 10 s. Figure 2a compares the transmission spectrum of the sensor array before and after deposition of the (PAH/SiO 2 ) films and after infusion of CA [8] into the (PAH/SiO 2 ) 8 film. The transmission spectrum of the modified sensor array shows distinct resonance bands, allowing the multiplexing of the sensors in the wavelength domain. The central wavelengths of the dual resonance bands of LPG3 were observed to change as the CA [8] infused into the coating and changed the coating refractive index, Figure 2b . This shift of the resonance bands in response to the change in the coating's RI enables the discrimination of LPG2-R and LPG3-R when the LPGs were in air. The corresponding changes of the transmission spectrum are shown in Figure 2a . It should be also noted that the resonance bands associated with LPG1 and LPG2 remained unchanged. Wavelength / nm modified LPG array after CA [8] infusion (a) (b) Fig 3: Change of the RH and temperature, measured using the LPG sensor array and using a data logger. (a) The blue line shows the RH values, which were calculated from the LPG wavelength shift using calibration curves, while the black line shows the RH measured using the humidity and temperature data logger; (b) the blue line shows the change of the temperature measured using LPG sensor array, while the black line shows the temperature measured using the humidity and temperature data logger.
RESULTS AND DISCUSSIONS
The temperature and RH response was measured several times and weighted average values of 0.45 nm.
o C -1 (LPG1) and 0.09 nm.RH % -1 (LPG2) of the calibration curves were used when determining the temperature and RH during the subsequent experiments undertaken in real environments. The resonance bands corresponding to LPG2, which was uncoated, did not respond to RH. A small, but measurable shift of the resonance band corresponding to LPG3, modified with the (PAH/SiO 2 ) 8 infused with CA [8] , was observed at VOCs concentrations in the range of thousands of ppm (data not shown). However, the concentration of VOCs in the ambient environment are relatively low and are lower than the limit of detection of this LPG VOC sensor. Here we have demonstrated the potential for the use of the LPG for VOCs detection at high concentration as part of the sensing array.
The studies of performance in real environments focussed on measurements of RH and temperature in office building areas, using the temperature and humidity data logger for benchmarking. During the experiment, the temperature and RH values ranged from 23.1 to 24.6 o C and 32.1 to 53.7 %, respectively, Figure 3 . The performance of LPG based sensors was in good agreement with the commercially used sensor, where the average difference between the values measured by the LPG and commercial sensor was less than 0.5 o C and 5 RH % respectively, Figure 3 .
CONCLUSIONS
An array of three long period gratings fabricated in a single optical fibre and multiplexed in the wavelength domain was used to measure simultaneously temperature, relative humidity and volatile organic compounds, which are key indoor air quality indicators. It was demonstrated successfully that the data produced by the LPG sensor array under real conditions was in a good agreement with that produced by commercially available sensors. The average differences between values obtained by the optical fibre sensor and standard temperature and RH sensors were better than 0.5 o C and 5% respectively. Further, the potential application of fibre optic sensors for VOC detection at high levels has been demonstrated.
Although there is a range of sensors developed for IAQ monitoring, the fibre optic sensor offers the ability to perform multi-parameter measurements that allows the increase the efficiency of the IAQ monitoring and the building energy performance. The feasibility of measuring three different parameters have been demonstrated. Measurement of other IAQ factors such as carbon monoxide or dioxide together with temperature and RH are possible using the same principle. Other advantages of the fibre optic sensors include multipoint sensing with only one evaluation point.
